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Recombinant  human insulin-like growth factor-I  ( IGF I )  secreted ~':om ~-east contains only IO 15c~ of  the active monomer.  A majority of the 
IGF I  -like molecules are disulfide bonded dimers. These dimers are not formed in an ICIF1 mutant  where Lys -'~ has been replaced by glutamic acid. 
However. increased levels of socreted EiiP (the yeast KAR2 gene product)  are sccn in cells expressing the mutant.  These resu|ts imply that by 
prevent ing ionic interactions between two IGF I  molecules, intermolecular disulfide bonds do not form in yeast, and that in the mutant  there is 
a structural  change "~vhich induoes BiP, al lowing its secretion. 
Insulin-like growth factor l; Dimerizatlon; Intermoics=ular disulfide bond; Folding/malfolding in vivo: BiP g~-cretion" Sac('haro~p~v('('.~ cer~,:isilt(. 
1. INTRODUCTION 
Human IGF!  (h lGF! )  is  a 70  amino  ac id  po lypept ide  
w i th  3 in t ramolecu lar  d i su l f ide  bonds  invo lv ing  a l l  6 
cys te ine  res idues .  The  IGF I  po lypept ide  is  h igh ly  ho -  
mo logous  to  the  insu l in  mo lecu le .  The  amino  ac id  res i -  
dues  in  the  B and  A cha ins  a re  50% ident ica l  [ i ] .  Due  
to  i t s  s imi la r i ty ,  the  three-d imens iona l  s t ruc ture  o f  
h IGF I  can  reasonab ly  be  mode l led  on  the  bas is  o f  the  
known s t ructure  o f  porc ine  insu l in  [2 ,3] .  
Human pro insu l in  and  insu l in  o l igomer ize  in  v ivo  
and  in  v i t ro  tc  fo rm d imers  [4]. The  d imer i za t ion  has  
been proposed  to  be  a resu l t  o f  the  c lose  approach  o f  
a charged  amino  ac id  o f  one  molecu le  to  an  oppos i te ly  
charged  amino  ac id  o f  another .  Monomer ic  insu l in  has  
been obta ined  by  subst i tu t ing  Pro  -~s w i th  Asp ,  the  Asp  2s 
o f  one  mutant  mo lecu le  prevent ing  c lose  prox imi ty  to  
the  G lu  2~ o f  another  mo lecu le  [5]. 
in  the  express ion  o f  h lGF I  in  the  yeast  Saccharomy-  
ces  cerev is iae ,  we have  observed  that  mo lecu les  se~reted  
in to  the  cu l ture  med ium are  approx imate ly  50% d imers  
(data  not  shown) .  Un l ike  insu l in ,  these  d imers  a re  cova-  
ient ly  connected  by  d i su l f ide  bonds .  We have  invest igat -  
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ed  the  poss ib i l i ty  l.~.at the  d imer i za t ion  o f  1GF!  in  yeast  
may be  due  to  an  in i t ia l  i on ic  in teract ion  between 2 
molecu les  o f  IGF I ,  the  pos i t ive  charge  o f  Lys  27 in teract -  
ing  w i th  the  negat ive  charge  o f  Asp  2a in  another .  A 
subst i tu t ion  (Lys27- to -G lu  2~) was  made,  in  a s imi la r  p~-  
s i t ion  in  the  IGF I  mo lecu le  to  the  one  made prev ious ly  
in  insu l in  [5] w i th  the  hope  that  in t roduct ion  o f  a nega-  
t i ve ly  charged  amino  ac id  in  p lace  o f  a pos i t ive ly  
charged  one  wou ld  prevent  2 molecu les  o f  IGF I  coming  
c lose  together ,  and  thus  prevent  in termolecu lar  d i su l -  
f ide  bond fo rmat ion  and  d imer i za t ion .  
We have  a l so  examined the  resu l t  o f  the  change in  the  
charge  o f  an  amino  ac id  on  the  sur face  o f  the  IGF I  
mo lecu le  on  the  leve ls  o f  the  yeast  KA R2 gene product  
(B iPL  a 78  kDa prote in  [6,7] .  B iP  is known to  be  induc-  
ed  by  the  improper  fo ld ing  o f  p ro te ins  [8 -10] .  The  
mutant  and  the  w i ld  type  (wt )  mo lecu les  have  been used  
to  gauge whether  B iP  recogn izes  them d i f fe rent ly .  Both  
in t race l lu la r  and  ext race l lu la r  leve ls  o f  B iP  have  been 
ana lysed  a f te r  express ion  in  yeast  o f  both  the  mutant  
and  wt  IGF I .  
2.  I~ , iATER iALS  AND METHODS 
2.1. Plasmid constructions 
Plasmid BC),  contain ing the wt IGF I  ~ne in an expression cassette 
subcloned in pDP34, was constructod as previously described ! i i l- The 
mutant  was created using 2 oligonuclcotide primers and a M l3mp8 
DNA template containing the positive DNA strand of  the IGF I  ex- 
pression cassette [12]. The mutat ion Lys~-to-Glu z~ was introduced 
using the mutagcnic pr imer 5" -~TAACC~TTCK3t tcGTTGAAG-  
TAG-3", the lower case letters indicating the changed codon. After 
checking the correctness of  the mutated DNA sequeno~, the mutant  
coding DNA was rc-introducc<l at the BamHI site of  pDP34 [I !] 
yielding the plasmid pBC2. 
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2.2. St ra in~ ond,~r~ th ¢o~dirio~s 
S ceret'i~*a(" ABI  iO f.'el'ar ~. hi,~d-SNO, h'u2, ura3-52, pep4-3. [('tr"]) 
has been used for yeast t rans format ion  ~'ith p lasmids  pBC!  and pBC2.  
Throe t rans formants  f rom ca-oh of  the 2 t rans fornaat ions  were grown 
up in a rich med ium for express ion of  Ihe rnu)ant  and wt I(;1:1 1111. 
2,3. /mttrunol~h~t ¢tnal~:vt$ 
Preparat ion  of  cell lysates, and  samples  for  SDS-PA(H-  fo | lowcd by 
immunob lo!  ana lys i s  were per fo rmed accord ing  to  prt'~ ious ly  publ ish-  
e-d prol(~'ols  [! l]. Rabb i t  po ly¢ lona|  |G | : I  ant i -~rum was  generated  
us ing pur i l ied IG[ : I  monomer .  The Ix~lyclonal ant i -Kar2  ant ibod ies  
were rai,~'d in rabb i ts  aga inst  an I I -amino  ac id  pept ide  be long ing  to 
ihe  yeast p ro te in  BiP, us ing a pub l i shed  procedure  [7]. The  ant ibod ies  
were k ind ly  prov ided  by K~ Einsle and  A. H innen.  
3. RESULTS 
To  examine  the  consequence  o f  the Lys"~- to -G lu  -~7 
mutat ion .  6 ind iv idua l  yeast  t rans forman ls ,  i --3 bear ing  
the wt gene  and  4 6 bear ing  the mutant  gene.  were  
grown in a complex  med ium for  72 h. The  nature  o f  the 
secreted IGF I  mo lecu les  was  compared  for the 2 series 
o f  t rans formants  by  Western  b lo ts  under  non- reduc ing  
cond i t ions  (F ig .  IA) .  Thc  mutant  c lear ly  shows  no  
d imer  fo rmat ion .  The  d imer  fo rmed by  the wi ld type 
molecu le  can  be reduced wi th  DTT  y ie ld ing  the mono-  
mer  (F ig .  ! B). Th is  ind icates  that  the d imers  are  held  
together  by  in termolecu lar  d isu l f ide  bonds .  
To  address  the quest ion  that  the fo ld ing  o f  the mutant  
IGF1  might  not  be the same as  the wt mo lecu le ,  we have  
looked  at  the  poss ib i l i ty  o f  B iP  induct ion  by  the mutant  
mo lecu le .  No  c lear  d i f fe rence  between levels o f  in t race l -  
lu la r  B iP  induced  by  the wt and  the mutant  was  ob-  
served (F ig .  2A).  However .  we found that  express ion  o f  
the mutant  gene in yeast  causes  B iP  to  be secreted much 
more  than  in the case o f  the unmutated  IGF1  gene  (F ig.  
2B), 
F rom these resu l ts  we can  conc lude  that  in t roduct ion  
o f  a g lu tamic  ac id  res idue  in p lace  o f  i ys ine  prevents  
fo rmat ion  o f  d i su l f ide  bonded d imers  in IGF I .  We can  
a lso in fer  f rom the increased  levels  o f  B iP  ,secreted that  
B iP  ident i f ies  the  mutant  and  the wt mo lecu les  d i f fer -  
ent ly .  
4. D ISCUSSION 
The  in v i t ro  fo rmat ion  o f  d i su l f ide  bonds  in denatur -  
ed,  sc rambled  RNase  A and  BPT I  has  been  extens ive ly  
~tud ied  in o rder  to  unders tand  prote in  fo ld ing  pathways  
[13,14]. We have  a t tempted  to  e luc idate  a s t ruc tur J  
determinant  wh ich  might  be  invo lved  in  in  r ive  in ter -  
mo lecu lar  d i su l fdc  bond fo rmat ion  between 2 prote in  
mo lecu les ,  it  appears  that  the prox imi ty  o f  2 mo lecu les  
o f  IGF i  th rough charged  in teract ions  leads  to  in termo-  
lecu la r  d i su l f ide  bonds .  Keep ing  them apar t  by  a l te r ing  
the po la r i ty  o f  a speci f ic  amino  ac id  prevents  th is  d ime-  
r i za t ion .  F rom molecu lar  mod~.l t ing,  it is apparent  that  
the  pro jec ted  IGF I  d imer  conformat ion ,  on  the bas is  o f  
the  insu l in  s t ruc ture ,  does  not  a l low in teract ion  o f  the 
cys te ine  res idues  in one  molecu le  w i th  the ¢yste ines  in  
the  o ther  (F ig .  3A,B) .  It is poss ib le  that  the 2 ext ra  
domains  in IGF I  ( the  C and  D cha ins ,  wh ich  are  absent  
in  mature  insu l in )  [1,2] do  not  a l low the f inal  te r t ia ry  
s t ruc ture  o f  IGF I  to  be  ident ica l  to  that  o f  the  insu l in  
mo lecu le .  We propose  that  IGF1  acqu i res  a conforma-  
t ion  wh ich  exposes  at  least  one  cys te ine  res idue  in  such  
a way  that  c lose prox imi ty  between 2 molecu les  a l lows  
in termolecu lar  d i su l f ide  bonds  to  fo rm.  E l iminat ion  o f  
a speci f ic  charged  in teract ion  between two IGF i  mo le -  
cu les  prevents  th is  in termolecu lar  d i su l f ide  bond fo rma-  
t ion .  
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Fig.  I. Western  b lot  ana lys i s  o f  secreted wt  IGF I  and  the mutant ,  us ing  15~ SDS-PAGE and  IGF I  ant i - serum.  Prote in  was  b lo t ted  to 
po lyv lny l idcne  di f luor ld¢ membrane  (M i l l ipore)  on  a semi -dry  Sar tor ious  b lo t te r  at  0.8 mA/~na ~of  membrane ,  for  l h. ~ 'east  t rans formants  o f  s t ra ln  
AB1 10, harbour ing  the p lasrn ids  pBC i  ( lanes ! -3 )  and  pBC2 ( lanes 4--6), were ana lysed  under  non- reduc ing  cond i t ions  (A).  D ' IT  was  added to 
supewnatants  f rom st ra ins  bear ing  pEICI ( lanes 2--44) (B). The  amounts  o f  mutant  p ro te ins  loaded in lanes  4--6 were 3 t imes  the amounts  of  wt  IGF I  
loaded in lanes 1-3 (A). It was  es t imated  f rom HPLC ana lys is  that ,  per  uni t  vo lume,  the amount  o f  secreted mutant  p ro te in  (viz. 5/ ,zg/ml)  was  
less than  ha l fo fwt  IGF I  (I ! ~g/ml) .  The  tota l  p ro te in  secreted by al l  s t ra ins  was  s imi la r  ( t  30Mg/ml;  B io -Rad  prote in  assay) .  Socrctod mutant  prote in  
in the  supematant  was  concent ra ted  (--fold us ing CENTRICON-3  concent ra tors  (Amicon) .  I0  MI o f  unconcent ra ted  supetna~ants  t lanes  1-3) and  
cor~ent ra tcd  supernatants  ( lanes  4 -6 )  were  loaded.  Lane  7, pur i f ied IGF!  monomer ,  M,  monomer ;  D,  d imer .  
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Fig. 2. Western blot of  intracellula r, BIP (A)  and ,~¢creted BiP (B). using 10% SDS-PAGE ~nd BiP anti-serum. Protein was blotted as in Fig. I (A). 
Cells at 100 OD~00 wcr¢ mechan~,,ally i sod using 0.2 g glassbeads ¢0.5 ram diameter) v~nth 200 pl or sample buffer (4% SDS, 0.1 M Tris pH 6.8, 
4 mM EDTA)  and 1.5 ~1 of  tire ¢¢!! lysate was loaded in each slot. Lanes i -3 ,  tr,~asformants of AB!  10 harbour ing pBCI ;  lanes 4--6, AB110 
harbour ing  pBC2. (B) I ml o i  culture supernatant  containing phenyl-mvthane-suifcnyl-f luoride ~,PMSF) (0A raM} was precipitated with trichloro- 
acetic acid (TCA) (tin,J! concentrat ion 25%). The pellet was rcsuspendod i~ 20 7ul o f  sample buffer. Lanes I -3 and lanes 4-6, as in (A). 
shock  prote in  [ 1 ~, i 6]. I t  has  been shown that  ma l fo id ing  
o f  mutant  pro te ins  causes  an  e levated  leve l  o f  in t race l lu -  
la r  B iP  [9 | .  B iP  b inds  to  mal fo lded  prote ins  permanent ly  
and  prevents  these  mal fo lded  s t ructures  leav ing  the  ER 
[10].  ! ,  mammal ian  ce l l s ,  degradat ion  v ia  an  ER degra -  
dat ive  pathway has  been proposed  fo r  these  te ;mina i ly  
bound molecu les  [10 | .  
A l though we do  not  observe  h igher  leve!s  o f  in t race l -  
I~t lar  B iP ,  we  do  see  that  B iP  is  secreted  in  the  case  o f  
the  :nutant .  I t  is conce ivab le  that  the~,e is a l im i t  to  the  
number  o f  mo lecu les  o f  B iP  wh ich  can  be  re ta ined  in  the  
ER o f  a yeast  ce l l  th rough the  EP, D2  receptor -med ia ted  
pathway [17].  The  ERD2 gene product  is thought  to  be  
in  an  in termed ia te  comnar tn~ent  between the  ER and  
the  Go lg i .  The  excess  o f  B iP  wh ich  is induced by  the  
mutant  cannot  be  re t r ieved  in  the  ER because  the  recep-  
to r  is sa turated .  Th is  excess  B iP ,  bound or  unbound to  
the  mutant  mo lecu les ,  is  then  f ree  to  be  secreted ,  t rans -  
por t  occur r ing  by  nonse lec t ive  bu lk  f low.  We propose  
that ,  in  yeast ,  secreted  leve ls  o f  B iP  cou ld  be  a measure  
o f  i t s  recogn i t ion  o f  par t i cu la r  s t ruc tures ,  o f ten  de f ined  
as  mal fo lded .  How B iP  ident i f ies  ma l fo ided  molecu les  
f rom fo lded  ones  remains  an  en igma [I ~R.19]. Cur rent ly ,  
we  are  ana lys ing  some pept ides  wh ich  might  b ind  B iP  
in  v ivo  and  in  tu rn  induce  it.  
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Fig. 3. Stereo view of  the [GF I  d imer as modelled, based on the porcine insulin dimer. The disulfide bonds (6-48, 18-61, and 47-52, solid bonds)  
in both monomers  (A and B) ate highl ighted as are residues Lys ~ and Asp 20 (open bonds). 
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